In this work, we investigate the effects of 0.1 and 0.5 wt.% Al additions on the wettability of Sn-1Ag-0.5Cu solder on a Cu substrate. Spread area and wetting balance methods were used to evaluate the wettability of the solders. The results of both tests show that the addition of 0.1 wt.% Al does slightly improve the wetting properties of the Sn-1Ag-0.5Cu solder, whereas the addition of 0.5 wt.% Al worsens the wetting properties.
Introduction
The use of lead-free solders has become common in electronic packaging industry due to environmental considerations [1.2] Among various lead-free solders available, high-Ag-content Sn-Ag-Cu alloys such as Sn-4wt.% Ag-0.5wt.% Cu (SAC405) or Sn-3wt.% Ag-0.5wt.% Cu (SAC305) are considered the most promising replacement of Sn-Pb solders, and are widely used as lead-free solutions for BGA interconnects [3] [4] [5] . However, the high rigidity of the high-Ag-content Sn-Ag-Cu solder joints causes drop-induced failures for portable electronics during normal or excessive use conditions. Moreover, the high Ag content in Sn-Ag-Cu alloys results in a relatively high cost for these solder alloys, and the world market for Ag is hard-pressed to sustain the supply of Ag for the solder industry. Some efforts have been made to tackle this problem by composition optimization. Current data indicates that Ag content is controlled to modulate bulk properties of Sn-Ag-Cu alloys.
Low-Ag-content solders, such as Sn-1 wt.%Ag-0.5 wt.%Cu (SAC105), have been considered as a solution to both cost and poor drop-impact reliability factors [6] [7] [8] . Reducing the Ag content of Sn-Ag-Cu alloy has increased its bulk compliance and plastic energy dissipation ability, which have been identified as key factors for improving the drop resistance. Decreasing the Ag content also reduces the overall cost of raw materials. However, the decrease in Ag content for improvement in drop-impact performance also has the consequence of compromising the thermalmechanical fatigue properties [9, 10] . As such, there is a pertinent need to lower the cost of lead-free solder alloys while improving both the drop-impact reliability and thermal-mechanical fatigue properties. Several studies have revealed that addition of a fourth alloying element, such as Mn, Ce, Ni, Ti, or Bi, to low-Ag-content Sn-Ag-Cu alloys provides a marked improvement in microstructural modifications and mechanical properties, and for these reasons, these alloys have attracted considerable attention. As an ongoing fundamental research activity [11] [12] [13] [14] , our group has mainly concentrated on the study of the bulk alloy microstructure and mechanical properties of the SAC105 solder alloy containing a minor addition of Al. This work was prompted by our discovery of the dual response of the SAC105 solder alloy to a minor addition of Al, resulting both in a microstructure coarsening suppression and in stable mechanical properties with high temperature aging [15, 16] . Since wettability being one of the most important properties of solders, this present study extends our previous work by investigating the effect of Al addition on the wettability of the SAC105 solder alloy on a Cu a substrate using wetting balance and spread area methods.
Experiments
Three kinds of solder alloys, Sn-1Ag-0.5Cu, Sn-1Ag-0.5Cu-0.1Al, and Sn-1Ag-0.5Cu-0.5Al were manufactured ( Table 1 ). The detailed preparation methods of the solder alloys were reported in a previous paper [15] . Rosin mildly activated (RMA)-type flux was used primarily to improve the wetting properties of the solder-substrate system by removing oxides and other surface contamination, as well as by preventing re-oxidation. 99.99 % pure Cu sheet of 0.3-mm thickness was used as a substrate. Just before the experiment, the Cu substrates degreased in acetone for 5 min, followed by rinsing in deionized water for 10 s. The specimens were then pickled in the HCl solution (5 vol.%) for 10 s, followed by washing thoroughly with deionized water again, rinsing with isopropyl alcohol 5 min, and lastly dried ready for testing. The wetting balance test was conducted by a solder checker (SAT5100, Rhesca Co., Ltd. Japan), as shown in Fig. 1a and b, according to Japan Industry Standard (JIS Standard JIS Z 3198-4) [17] . The solder alloy was placed in a pot and heated to molten state at 250°C with the heater equipped in the checker. The Cu substrate (10 mm x 30mm x 0.3 mm) was placed on a mounting clip over the solder pot and attached to the balance. It was first dipped into the RMA flux for 5 s and subsequently dipped into the molten solder at a speed of 5 mm s -1 to a depth of 7 mm by raising the solder bath. The Cu substrate was then held in that position for 10 s. At the end of 10 s, the solder bath was lowered and the Cu specimen was removed from the clip. The testing was carried out in room temperature. Ten specimens were tested for each solder alloy. The forces exerted by the molten solder on the substrate surface were recorded over time by the mechanical sensor and signal translator. A typical wetting balance curve is shown in Fig. 1c . The key wetting balance parameters measured were the wetting time (t 0 ) and the maximum wetting force (F max ). Contact angles and spread rates were measured by spreading area method (Fig. 2) . The solder alloys were remelted and poured into a mold to make a rod with 5mm diameter. The rod was then sliced to get 2mm thickness solder disc with weight around 0.3 g. After that, the solder disc was coated with RMA flux and placed on the Cu substrate (30mm x 30mm x 0.3mm). The solder disc was then remelted on a hot plate maintained at 250°C for 45 s and allowed to solidify in room temperature. The spreading rate (SR) of the solder was calculated according to the Japanese Industrial Standard (JIS Z3198-3, 2003), using the equation, SR=(D-H)/Dx100. Here is the spreading rate (%), D=1.24 V (1/3) , D is the diameter when solder used for a test, V is mass/density of the solder sample used for the test and H is the height of spread solder. At least ten samples were repeated for each of the compositions and the average value was calculated. After the spreading rate measurement, the specimens were sectioned with electrical discharge wire cutter and polished for metallographic examination. The wetting angle was measured under an optical microscope with the aid of Video Tool Box Pro software (Zarbeco,USA). Fig. 1c shows a typical wetting balance curve. In this force-time curve, there are two most common values used as the wettability parameters: the wetting time (t 0 ) and the maximum wetting force (F max ) [18] . The time at which the solder contact angle to the specimen is 90°, or for the measured wetting force to return to zero are widely used as the wetting time. The maximum wetting force is obtained when the meniscus is stabilized after dipping and the measured force remained constant. Wetting time and maximal wetting force are very important indexes to evaluate the wettability of a solder. They indicate how fast and to what degree could a wetting process perform, so in this research, t 0 and F max of the solder alloys were tested and studied. Fig. 3 shows the results of the wetting balance test with the solder alloys. It is seen that the maximum wetting force of the SAC105 and 0.1 wt.% Al added SAC105 are very close to each other, 5.63 and 5.67 mN. However, the 0.1 wt.% Al added SAC105 has a slightly smaller wetting time than the SAC105, being 1.64 s and 1.79 s. On the other hand, a negative wetting force is recorded when 0.5 wt.% Al is added. In this case the solder is non-wettable. However, further investigations are required to study the wettability of the 0.5 wt.% Al added solder alloy with higher soldering temperature and longer soldering time. Consequently, the SAC105 solder alloy with the addition of 0.1 wt.% Al could meet the industrial production requirement, t ≤ 2.5 s, Fmax ≥ 3.0 mN [19] . To confirm the results of wetting balance test, spread area test was conducted to measure the wetting angle and spreading rate which play an essential role in ensuring good bonding between the solder alloy and the substrate. Fig. 4 shows the variation of wetting angle (θ) and spread rate (SR) with the addition of Al. It is seen that the addition of 0.1 wt. % Al slightly decreases the wetting angle from 27.65° to 27.45° which are both considered good and acceptable, whereas the addition of 0.5 wt.% significantly increases the wetting angle from 27.65° to 46.39° with 68.71% rise, which is not acceptable. Kripesh et al. [20] suggested that when the wetting angle of a solder is between 0°≤θ≤20°, the wetting quality is very good. When the wetting angle is between 20°≤θ≤ 40°, it is good and acceptable. However, when it exceeds 40°, the solder is not acceptable. Moreover, the addition of 0.1 wt. % keeps the spread rate at the same value of 89.1%, whereas the addition of 0.5 wt.% Al significantly decreases the spread rate from 89.1% to 73.10% with 17.95% drop. It is clear that that the results of spread area test are in agreement with the wetting balance results. The results both in the spreading test and in the wetting balance test show that the addition of 0.1 wt. % Al slightly improves the wettability of the SAC105 solder alloy on the Cu substrate. The exact mechanism(s) through which 0.1 wt. % Al addition slightly improves the wetting properties is not clear. However, several scenarios can be hypothesized. Firstly, the addition of 0.1 wt.% Al might enhance the interfacial reaction and decrease the interfacial tension between the solder and the Cu substrate by the interaction of Al and Cu. It has been reported that the first intermetallic compound (IMC) formed at the solder/Cu interface during the wetting affect the wetting results dramatically [21, 22] . In general, when an interfacial reaction between the molten solder and the substrate occurs, an IMC is formed at the interface, and thus, the molten solder is in contact with the IMC, not the original substrate. Similar results was observed by Cheng et al. [23] , who stated that adding 0.1 wt.% Al into the Sn-8.55Zn-1Ag solder resulted in higher wetting force and shorter wetting time on Cu substrate. This improvement was attributed to the interaction between Al and Cu at the solder/Cu interface. On the other hand, Kolenak et al. [24] stated that the addition of 0.1 wt.% Al to the high-Ag-content Sn-4Ag-0.5Cu/Cu system slightly increased the wetting angle together with giving a slightly smaller spreading area due to the growth suppression of the Cu 6 Sn 5 IMC formed at the solder/Cu interface. Secondly, as Al is an active element, it is easier for it to accumulate at the solder/flux interface in the molten state, and subsequently, the interfacial surface energy is decreased. Therefore, the surface tension between solder and flux can be reduced. Finally, the addition of 0.1 wt.% Al might reduce the oxide on the solder surface by forming a dense Al oxide on the solder surface which prevents the liquid solder from further oxidation. Wang et al. [25] suggested possible mechanism for the observed effect of Ga-Al on the wetting properties of the Sn-9Zn/Cu system. It was shown that Ga-Al resulted in higher wetting force and shorter wetting time. The addition of Ga-Al was reported to: (i) suppress the formation of SnO 2 and ZnO oxides slag which hinders the solder contact with the substrate and worsen the wettability accordingly and (ii) form Al 2 O 3 oxide film immediately which protects the liquid solder from further oxidation, and thus, improves the wettability. This was suggested to be the mechanism for the improvement of the wetting properties for the Ga-Al addition. It is considered that similar mechanism might be valid for the 0.1 wt.% Al addition. However, excessive addition of Al negatively impacted the wetting properties, as found in the present study. There are two possible reasons might explain the poor wetting of the 0.5 wt.% Al added solder. One is the presence of stable and compact Al oxide on the solder surface. This oxide might increase the surface tension of the molten solder and inhibit the wetting behaviour. In other words, the excessive addition of Al might form oxide accumulation during the soldering, which then deteriorates the wetting behaviour. Al is an active element and easily forms Al oxides in the Sn-based solders during the soldering because the Gibbs generation energy of the Al oxide is lower than that of the Sn oxide. Evidence of the formation of stable and compact Al oxides on the solder surface of the Sn-based solders can be found in the literature. Chen et al [26] reported that the addition of 0.6 wt.% Al worsened the wetting properties of the Sn-9Zn/Cu system due to the formation of stable and compact Al 2 O 3 oxide on the solder surface which it is difficult to remove by soldering flux. Another reason is the increase in the solder viscosity caused by the presence of high concentration of Al in the solder which in turn inhibits the molten solder to flow on the substrate and creates higher wetting angle or lower spreading rate. Consequently, the increase in the wetting angle or the decrease in the spreading rate with 0.5 wt.% Al addition, as found in the present study, could be linked to the difficulty of spreading of the leading edge of the molten solder on the substrate.
Results and discussion

Conclusion
Based on the described investigations, the addition of 0.1 wt.% Al slightly improves the wettability of the SAC105 solder alloy on the Cu substrate, whereas the addition of 0.5 wt.% worsens the wetting properties. The results of wetting balance test demonstrate that the addition of 0.1 wt.% Al slightly decreases the wetting time and keeps the wetting force almost the same. However, a negative wetting force is recorded and a non-wetting case is occurred when 0.5 wt.% Al is added. The results of the spread area test show that the spread rate of the SAC105 and 0.1 wt.% Al added SAC105 are very close to each other. However, the 0.1 wt.% Al added solder has a slightly smaller wetting angle than the SAC105 solder. On the other hand, the addition of 0.5 wt.% Al significantly increases the wetting angle and decreases the spread rate.
